Introduction
Pancreatic adenocarcinoma (PAAD) is one of the most lethal cancers and is associated with high morbidity and poor prognosis. The 5-year survival rate remains at only 7%. 1 Due to the lack of effective early-diagnosis approaches or typical symptoms, most patients with PAAD are not diagnosed until reaching advanced stages. 2 Although some progress has been made in recent years, the influence of environmental factors, genetic factors, epigenetic alterations, and chronic inflammation on PAAD development remains poorly understood, and therapeutic options for PAAD patients are still limited. 3 Therefore, investigating the impact of multiple pathogenic factors on the clinical characteristics of PAAD is crucial for physiological assessment, treatment planning, and prognosis evaluation.
have been discovered. Accumulating evidence has emerged to suggest that miRNAs participate in many fundamental biology processes, such as cell autophagy, apoptosis, differentiation, and proliferation, and may also participate in carcinogenesis. 7 Several studies have demonstrated aberrant expression of some specific miRNAs in PAAD and other disease processes. By using murine orthotopic models, Mees et al found that miR224 and miR486 are involved in the progression of PAAD. 8 Frampton et al suggested that specific miRNAs act as cooperative repressors of a network of tumorsuppressor genes. 9 The underlying mechanisms by which cancer-specific miRNAs contribute to PAAD development are still unclear. Therefore, the identification of aberrantly expressed cancer-specific miRNAs may facilitate early PAAD diagnosis and survival prediction.
This study utilized miRNA-sequencing data and corresponding clinical information from the Cancer Genome Atlas (TCGA) database. The TCGA PAAD project includes the largest sequencing cohort currently available for PAAD. Here, we analyzed the differentially expressed miRNAs between PAAD tissue and matched normal tissue based on the miRNA-sequencing data. Based on our results, we identified a two-miRNA signature that may serve as an accurate diagnostic and prognostic biomarker for PAAD patients.
Materials and methods

miRNA-sequencing data processing
PAAD level 3 miRNA-sequencing data obtained from samples from 168 PAAD patients were downloaded from the TCGA database. The detailed clinical information included sex, age at diagnosis, tumor size, metastasis status, lymphnode status, and TNM stage (according to the seventh edition of the American Joint Committee on Cancer's staging manual), and is shown in Table 1 . The median diagnosis age was 64 years (range 35-88 years). The median follow-up time was 26.33 months (range 0-72.4 months).
Raw-count miRNA-sequencing data were processed with EdgeR, a Bioconductor package based on the R language, to screen differentially expressed miRNAs between PAAD tissue and adjacent normal tissue using the unpaired t-test. For all P-values, a false-discovery rate (FDR) was applied to correct the statistical significance of multiple testing. Fold changes (FCs) in the expression of individual miRNA were calculated, and differentially expressed miRNAs with FDR values <0.05 and FCs >1 were considered significant.
Diagnostic performance of differently expressed miRNAs
Receiver-operating characteristic (ROC) analysis was performed to evaluate the diagnostic performance of differently expressed miRNAs (DEmiRNAs). To compare the superiority or inferiority of DEmiRNAs for diagnostic performance, ROC curves were drawn. Area under the ROC curve (AUROC) was used to calculate the diagnostic sensitivity and specificity. P<0.05 was considered significant. 
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All patients were classified into high or low miRNA-expression groups according to the median value. Overall survival (OS) and disease-free survival were used in survival analysis. OS and disease-free survival data were downloaded from TCGA. Kaplan-Meier and log-rank methods were used to test differences between the two groups. P<0.05 was considered significant.
Target-gene prediction of two miRNAs and functional analysis
The mRNAs targeted by the two miRNAs were predicted using two online analysis tools: miRDB (www.mirdb.org) and TargetScan (www.targetscan.org). Next, overlapping target genes were analyzed using a Venn diagram. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were analyzed using the Database for Annotation, Visualization, and Integrated Discovery bioinformatics tool.
Statistical analysis
Data are presented as mean ± SD. The two-miRNA signature was determined based on significant miRNAs in OS and diagnostic performance. Univariate and multivariate Cox proportional-hazard regression models were used to evaluate the prognostic significance of the two-miRNA signature. All statistical analysis was conducted using SPSS 22.0 (IBM, Armonk, NY, USA). All tests were two-sided, and P<0.05 was considered significant.
Results
Identification of DEmiRNAs
We identified a total of 16 DEmiRNAs from the dataset of TCGA, of which two were upregulated and 14 downregulated, with cutoffs of FDR <0.05 and FCs >1 (Table 2) . A volcano plot was drawn to show the relationships between FDR and FCs of each DEmiRNA ( Figure 1A ). Then, we organized the 16 miRNA data points as a heat map to visualize the distinct expression profile between PAAD and normal tissue ( Figure 1B ).
Diagnostic performance of DEmiRNAs
ROC curves and AUROC were used to evaluate the ability of DEmiRNAs to distinguish PAAD tissue from normal tissue. Abbreviations: DEmiRNAs, differently expressed miRNAs; FC, fold change; FDR, false-discovery rate; PAAD, pancreatic adenocarcinoma. Figure 2B ). Sensitivity and specificity are listed in Table 3 .
Prognostic performance of DEmiRNAs
To reveal the relationship between DEmiRNAs and prognosis, we performed Kaplan-Meier analysis. Our results revealed that miR126 (P=0.007) and miR424 (P=0.017) were significantly associated with PAAD patients' OS ( Figure 3 A and B). To discover potential prognostic biomarkers for recurrence, we assessed the influence of expression of all DEmiRNAs on disease-free survival in PAAD patients. The results revealed that no DEmiRNA expression was significantly correlated with disease-free survival. We next evaluated prognostic values of differentially expressed miRNAs using univariate Cox regression analysis. The results showed that miR424 and miR126 were independent prognostic factors for PAAD patients (Table 4) .
We used a Venn diagram to find DEmiRNAs with both excellent diagnostic and prognostic performance, and miR126 and miR424 met the criteria ( Figure 4A ). ROC analysis was preformed to assess the diagnostic performance of the twomiRNA signature. The AUROC of the two-miRNA signature was 0.966 (95% CI 0.911-1.000), with sensitivity of 100% and specificity of 87.5% ( Figure 4B ). Next, we evaluated the prognostic performance of the two-miRNA signature using multivariate Cox regression analysis and calculated a risk score for each patient. PAAD patients were divided into a high-risk group and a low-risk group based on the median risk score. The results demonstrated that patients with high-risk scores had significantly worse prognoses (P=0.0015) than PAAD patients with low-risk scores ( Figure 4C ). Univariate and multivariate Cox regression analyses indicated that the two-miRNA signature was an independent prognostic factor in OS (hazard ratio [HR] 2.318, 95% CI 1.482-3.626; P <0.001; Table 5 ).
Target-gene prediction and functional enrichment analysis
To elucidate the biological functions of DEmiRNAs, we performed Gene Ontology and KEGG pathway-enrichment analysis to identify target genes of both miR126 and miR424, 
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A two-miRNA signature as a marker for pancreatic adenocarcinoma as predicted by miRDB and Target Scan. The Gene Oncology annotation included protein binding, ATP binding, protein phosphorylation, protein-kinase activity, the Wnt-signaling pathway, and other functional classes ( Figure 5A ). KEGG enrichment pathways were mainly associated with the mTOR-signaling pathway, MAPK-signaling pathway, autophagy, FoxO-signaling pathway, and insulin-signaling pathway ( Figure 5B ).
Discussion
miRNAs can modulate the expression of multiple genes, playing essential roles in many cellular processes in human malignant disease, and thus miRNAs can directly influence the development and progression of cancer. [10] [11] [12] Recent studies have revealed distinct miRNA-expression profiles in PAAD, indicating key roles of miRNAs in the development and progression of PAAD. [13] [14] [15] [16] [17] [18] [19] [20] In this study, 
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Yu et al we screened miRNA-sequencing data and corresponding clinical information obtained from the TCGA PAAD project. Sixteen miRNAs were identified as aberrantly expressed in PAAD tissue: two were upregulated and 14 downregulated. A previous study suggested that combinations of different miRNAs may be more sensitive and specific than the currently individual miRNA markers. 21 Therefore, based on our results, we constructed a two-miRNA signature, which had outstanding diagnostic performance and independent prognostic significance for PAAD.
The distinct expression profiles of cancer-specific miRNAs in PAAD have attracted attention for use as diagnostic and prognostic markers. Several recent studies have revealed that some cancer-specific miRNAs are aberrantly expressed in PAAD and could be used as diagnostic and prognostic markers. [22] [23] [24] However, these studies had several limitations. There was clinical and molecular heterogeneity in different studies. There were methodological differences, limiting reproducibility and normalization among these studies. The number of patients enrolled in each study was generally small. The TCGA PAAD project includes gene-sequencing data and corresponding clinical information in PAAD tissue and adjacent normal tissue. Translating "big data" information into a better understanding of underlying biological mechanisms can help identify potential diagnostic and prognostic markers for PAAD.
Recently, one study used univariate Cox regression to analyze TCGA data and found that ten highly expressed miRNAs were associated with worse prognosis and three highly expressed miRNAs associated with better prognosis. 25 Here, we analyzed the TCGA data using EdgeR, a Bioconductor package based on the R language, and identified 16 DEmiRNAs with FDR <0.05 and FCs >1. Additional studies have demonstrated that some of these miRNAs are aberrantly expressed in PAAD, which lends credibility to our study. Jiao et al reported that expression profiling revealed downregulation of 21 miRNAs, including miR126 and miR451 in pancreatic ductal adenocarcinoma. 26 Conversely, Nakata et al performed microdissection analysis and showed that miR10b exhibited higher expression levels in pancreatic cancer cells than in normal pancreatic ductal cells. 27 To establish an accurate and efficient biomarker in diagnosis and prognosis, we identified a two-miRNA signature of miR126 and miR424 based on a Venn diagram of significant miRNAs, with excellent diagnostic and prognostic performance. These two miRNAs are generally considered related to malignant disease and patient OS. Located in 9q34.3, miR126 is the most commonly dysregulated miRNA in tumors. Emerging evidence has demonstrated that miR126 acts as a tumor-suppressor gene by targeting many oncogenes associated with metastasis, proliferation, migration, and invasion. Liu et al showed that deactivation of miR126 induced a pseudohypoxia state due to increased HIFα expression, which further enhanced therapeutic resistance and cell motility mediated by SLC7A5 and SERPINE1, respectively. 28 Yuan et al showed that miR126 suppressed the migration, proliferation, and invasion of colon cancer by inactivating RHOA signaling via CXCR4. 29 Chen et al showed that downregulation of miR126 expression clearly upregulated expression of VEGFA and its downstream signaling pathways. 30 Jia et al demonstrated that miR126 inhibited invasion in bladder cancer by targeting ADAM9. 31 In invasive ductal PAAD, Hamada et al showed reduced expression of miR126. 32 In addition, there have been conflicting reports of the roles of miR424 in the progression and chemotherapy resistance of PAAD. Zhang et al reported that miR424 may contribute to non-small-cell lung cancer progression and metastasis by affecting migration, invasion, and proliferation via inhibition of. 33 Rodriguez-Barrueco et al observed that loss of miR424 promoted chemotherapy resistance due to upregulation of BCL2 and IGF1R. 34 In this study, we observed that miR424 was downregulated in PAAD tissue and high miR424 expression associated with worse outcome. Therefore, the conflicting function of 
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A two-miRNA signature as a marker for pancreatic adenocarcinoma miR424 should be investigated further. Here, we constructed ROC curves to verify that the two-miRNA signature was an efficient diagnostic marker in distinguishing PAAD tissue from adjacent normal tissue, with sensitivity of 100% and specificity of 87.5%. More importantly, the two-miRNA signature showed excellent performance in predicting OS in PAAD, indicating the two-miRNA signature may be a prognostic biomarker. 
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Although our results did not support use of miR10b and miR206 as prognosis biomarkers, these miRNAs have also been implicated in PAAD. Ouyang et al demonstrated that miR10b stimulated pancreatic cancer-cell invasion by decreasing TIP30 expression and enhancing EGFR signaling, suggesting miR10b may serve as a diagnostic marker in ductal PAAD. 35 Nakata et al found that miR10b was overexpressed in pancreatic cancer and may participate in invasiveness in pancreatic cancer cells, thereby leading to poor prognosis. 27 In addition, Duell et al revealed that the plasma level of miR10b may serve as a noninvasive biomarker for early ductal PAAD. 36 Feng et al reported that simultaneous overexpression of miR206 and miR34a enhanced antitumor efficacy, affecting cancer cell viability, invasion, and apoptosis in PAAD cells. 37 Considering the influence of miR10b and miR206 on PAAD progression, it remains unclear whether these two miRNAs would be useful for prognosis evaluation in PAAD patients.
In order to confirm our results, we conducted independent validation using the Pancreatic Expression Database, which brings together the largest collection of pancreatic data from the literature, including transcriptomic, proteomic, miRNA, and genomic profiles. 38 We searched for miR424 and miR126 expression in all studies included in the database. Bauer et al examined miRNA expression in 129 tissue samples, including normal pancreas, chronic pancreatitis, and ductal PAAD using Geniom Biochip, and found that expression of miR424 in ductal PAAD was lower than that of chronic pancreatitis, but higher than that of normal pancreas, suggesting that miR424 may play an important role in inflammatory-to-cancer transformation. 39 Szafranska et al investigated miRNA expression in 25 samples containing normal pancreas, chronic pancreatitis, and ductal PAAD, as well as ductal PAAD-derived cell lines using miRNA arrays. The study showed that expression of miR424 in ductal PAAD cell lines was significantly lower than chronic pancreatitis and normal pancreas, and a similar expression pattern was found in miR126. 40 Piepoli et al investigated expression profiling of 866 human miRNAs in 17 pancreatic cancers and matched adjacent normal tissue, and found that miR126 was upregulated in pancreatic cancers. 41 Some of the results in these studies were similar to ours and some different. On one hand, these studies were based on different miRNA-array platforms. On the other hand, sample sizes for these studies varies widely: only 17 samples for Piepoli et al and 25 for Szafranska et al. However, our study had some limitations. We do not have our own PAAD-patient cohort to validate our results. In our future work, we will collect enough specimens and clinical data to verify our findings.
In this study, we analyzed miRNA-sequencing data in 168 samples from the TCGA database. We not only found differentially expressed miRNAs but also investigated their diagnostic and prognostic performance using bioinformatics analysis. We found that the two-signature miRNA was an excellent diagnostic biomarker and independent prognostic biomarker in PAAD patients. Additionally, the biological function and underlying mechanisms of candidate miRNAs in the development and progression of PAAD need to be elucidated.
Conclusion
Aberrations in miRNA expression are associated with PAAD progression. We conducted a comprehensive analysis of miRNA-expression profiles in PAAD tissue and adjacent matched tissue. Our data indicated that two-signature miRNA was an accurate and efficient diagnostic biomarker in PAAD and an independent prognostic biomarker in PAAD patients. However, further functional studies are needed to reveal the underlying molecular mechanisms for these miRNAs in PAAD progression.
